In this paper the existence of a stealth field during the evolution of our Universe is studied. With this aim, in the framework of the FRW cosmology, the case of non-conformal non-minimal coupling between a stealth scalar field and gravity is studied. It is shown that de Sitter's are the only backgrounds allowing for a stealth field fully depending on the spacetime coordinates. This way, such a field is not consistent with the present cosmological picture. If the stealth is homogeneous, then its dynamics is restricted by the underlying cosmological evolution. It is shown that homogeneous stealths can coexist with the kind of matter used to describe the matter content of our Universe according to the ΛCDM model.
I. INTRODUCTION
The standard cosmological model describes the evolution of an isotropic and homogeneous background as required by the cosmological principle, that is of a spacetime with metric:
where τ is the conformal time and a(τ ), the scale factor. The constant k determines the spatial topology of the Universe, with k = −1, 0, +1 corresponding to open, flat and closed topologies. For a given matter content ϕ m , metric (1) extremizes the action
by solving the Einstein equations
where κ = 8π/m 2 Pl is the Einstein constant and m Pl is the Planck mass.
Supported by the observational data (see for instance Refs. [1] [2] [3] [4] ), from the corresponding solutions of (3) a consistent picture of the cosmological history emerged where an early very flat universe filled with a quarkgluon plasma started to expand and, consequently, to get colder, giving rise to many phase transitions in the matter content. This Big Bang picture involves a mixture of fluids, however, since the density of each fluid varies differently with the expansion, there are long periods of time where the energy of a given fluid is dominant while the other ones are subdominant. This way, the early radiation dominated phase was replaced, about 350000 years later, by an intermediate era dominated by pressureless matter (baryonic and of an unknown kind coined dark). By the end of the last century it was observationally established that very recently our observable universe became dominated by some energy (also of an unknown kind and also coined dark) doing a positive work which induces accelerated expansion.
All of the above mentioned matter phases can be modeled with barotropic fluids given by an equation of state p = wρ. Here p and ρ stand, correspondingly, for the pressure and energy density of the fluid, while w is the, so called, constant of state. In the appendix A it is shown that the solution of (3) for a barotropic fluid in a flat FRW universe with w = −1 is
where b ≡ 2/(1 + 3w) (see also appendix B). For radiation w = 1/3, what corresponds to b = 1, while for pressureless matter (baryonic or dark) w = 0 and b = 2. Moreover, w = −1 corresponds to the case of a cosmological constant Λ, which is the simplest candidate for the dark energy. The accelerating solution with Λ > 0 is known as the de Sitter spacetime and, for a flat universe, is the case with b = −1 (see appendix C). Since the background is homogeneous and isotropic, the picture above briefly drawn cannot explain the existence of cosmic large scales structures. Amongst some other problems, it neither explains why our universe looks so flat, given that, with a positive constant of state, the flat case is an unstable equilibrium of the cosmological dynamics [5] . Up to date, the best available solution to these problems is called cosmological inflation [5] . It also describes an accelerated expansion, but at very early times, even before the formation of the quarkgluon plasma. The cosmological constant is not a good candidate for the inflationary matter because the de Sitter universe is stable in the sense that it never ends to accelerate, thus never giving place to the rise and expansion of the quark-gluon plasma. Therefore, perhaps the simplest scenario is that of the energy density in the very early universe being dominated by the potential energy of a single real scalar field called inflaton. Then, the quantum fluctuations of the inflaton served as the seeds for the formation of large scale structure and of the anisotropies in the cosmic microwave background (CMB). An interesting model is power-law inflation, where the scale factor is given by (4) with b < −1, and the potential V , as function of the field φ, is given by V ∝ exp(− 2κ(b + 1)/b φ) [8] . It has several attractive features concerning theory and observations. First of all, the exponential function is the limit of a Taylor series similar to the tree expansion often used for scalar field potentials arising in quantum field theory [5] . Second, the exponential potential is the only inflationary model yielding exact power-law spectra [9] , and because the deviation of the spectra amplitudes from scale-invariance is predicted to be very small, the power-law parametrization of the primordial spectra is used very often while analyzing the CMB data [4] .
This whole description of the evolution of our universe is known as the ΛCDM model and is pointed out, so far, as the best theoretical framework for studying this evolution by the data from highly accurate satellite and ground-based observations [4] . Nevertheless, in a spite of the success of the ΛCDM model, there is still a large number of open questions in Cosmology, perhaps the more relevant being what is the matter content of our Universe. We do not know what are the dark energy, the dark matter or the inflaton. Typically, candidates for these kinds of matter are accepted or discarded considering the impact they have on the behavior of the scale factor, which in turn determines the values of most cosmological observables. There are, however, special nontrivial matter configurations with no backreaction on the gravitational field, i.e., which existence does not affect the evolution of the underlying spacetime. Scalar fields with this property were firstly found for the static BTZ black hole [10] , Minkowski flat space [11] , and (A)dS space [12] . They were coined gravitational stealths. Later, the existence of stealths was shown for the de Sitter cosmology [13] . The relevance they have for the probability of nucleation of such universes was emphasized in Ref. [14] .
Moreover, in Ref. [15] it is shown that not only de Sitter universes, but any homogeneous and isotropic universe, independently of its spatial topology and matter content, allows for the presence of a conformal stealth which evolves along with the universe without exhibiting its gravitational fingerprints. Nevertheless, that result strongly depends on the fact that FRW spacetimes are conformally flat. However, as is was already mentioned, the homogeneity and isotropicity of these spacetimes are just approximated symmetries of the actual Universe. In fact, many important observables of the ΛCDM model are related to density perturbations around the time when radiation and matter densities were equal. Density perturbations imply that the above mentioned symmetries of the FRW spacetime are lost and, consequently, is also lost the conformal flatness leading to the existence of the stealth found in Ref. [15] . As a first step into solving the problem of the existence of a stealth in more realistic backgrounds, it is important to establish that such a field can also exist in cosmological spacetimes which are not conformally flat. Therefore, in this paper we consider stealth configurations for more general nonminimal couplings, where no obvious conformal arguments can be used.
In the next section we state the problem for the general case and derive the relevant expressions. In Sec. III it is considered the problem for the ΛCDM model. We first show the existence of a class of stealths during a Big Bang era and then we present some examples of stealth potentials for different couplings during those eras of the ΛCDM model when the matter content was dominated by the energy of a single fluid leading to an expansion described by a given power-law scale factor. Next, in Sec. IV it is shown that the particular case of de Sitter cosmologies allow for an inhomogeneous stealth. There is also a special value of the coupling that is studied in Sec.V. In the last section we briefly summarized our conclusions.
II. STEALTHS WITH NON CONFORMAL COUPLINGS
Let us start here by stating the problem of finding stealths scalar fields non-conformally coupled to gravity. As mentioned above, we start by using the FriedmanLemaître-Robertson-Walker metric (1), with no assumption on the allowed spatial topology (k = 0, ±1). Next, we introduce the action
where S[g, ϕ m ] is extremized by solving the Einstein equations with a given matter content ϕ m , (which can be scalar, vectorial or tensorial), and ξ is the coupling constant between the scalar field Ψ and gravity. For the nontrivial field Ψ to be a stealth, we look for the conditions for the energy-momentum tensor to vanish:
With this aim it is useful to define an auxiliar function,
where the factor 1/ (κ) is introduced in order to have the proper units. Function σ = σ(x µ ) inheritates the full spacetime dependence of the scalar field. From now on ξ is taken different from 1/4, unless otherwise is specified. This special case will be explored on Sec. V.
Recalling the general method used in [15] , by solving the off diagonal elements of (6) we find that
Notice that there exists a residual symmetry in the equations, concretely, homogeneous terms in Φ, Θ, and R can be compensated by a sinusoidal dependence in Θ, a linear one in R, and another homogeneous term in T , respectively.
By taking the proper combinations of the diagonal terms of (6), it is found
modulo the previously mentioned freedom in the election of the above functions. Here, A i (with i = 1, 2, 3), α and B − are integration constants whose dimensions are inverse lenght. Now we use the combination
Here H is the Hubble parameter and H ′ its derivative with respect to conformal time.
At this point, since σ depends on all the coordinates x µ , it is difficult to do any further progress without some assumptions.
1 There are two assumptions that can be made which lead to inhomogeneous and homogeneous stealths respectively. First, we note that if the last term of expression (10) vanishes, then the equation for the time dependent part of the stealth T (τ ) can be solved. That is the case when the coupling constant between the field and gravity is the conformal coupling in four dimensions, ξ = 1/6, which was analyzed in Ref. [15] . However, the final term also vanishes when the parentheses including the Hubble parameter is zero, i.e.,
In appendix C it is shown that the above expression yields the de Sitter cosmologies, and we will find the corresponding inhomogeneous stealth in section IV. A second assumption can be made if neither the bracket involving the non minimal coupling constant ξ, nor the bracket involving the Hubble parameter H vanish in the last term of (10) . In those cases we can take the partial derivative of this expression with respect to any spatial coordinate. Then, the only way in which the constraint can be satisfied is when the stealth is homogeneous, that is σ(x µ ) = T (τ ). From equation (9) this homogeneity condition implies α = 0 since this is an integration constant arising from a spacial equation. The above means that equation (10) becomes a differential equation on τ with two unknown functions: the temporal dependence T of the stealth and the Hubble parameter H in the conformal gauge. This way, we need first to fix the scale factor a(τ ) in order to be able to do any further progress. In the next section we will consider the scale factors which arise in the ΛCDM cosmology.
III. ΛCDM COSMOLOGY
Perhaps the more interesting solution to the problem stated in the previous section is a stealth during the whole cosmological evolution as described by the ΛCDM model. Otherwise, one could look for stealths existing during one or more of the eras comprising this evolution and check whether there could be a mechanism for the field decay by the end of these eras.
A. Big Bang Cosmology
As it was already mentioned, the Big Bang picture describes the evolution of the mixture of two kinds of barotropic perfect fluids: radiation and pressureless matter. Let be ρ ν and ρ m the densities for radiation and matter respectively, then one can solve for the scale factor as
It can be shown that a 1 = 4κρ ν /3 and a 2 = 4 κρ m /3. Using the arguments of homogeneity aforementioned, with the scale factor given by Eq.(12) the solution for Eq. (10) for k = 0 can be found in terms of the hyperge-4 ometric function:
where C 1 , C 2 are integration constants and
To find the self-interaction potential we need to solve the last constraint T 0 0 = 0. The usual way to deal with this problem is to write the explicit dependence of both the stealth and the scale factor on the coordinates (in this case τ ) and then use the inverse relation between the stealth and the coordinates to show the explicit dependence U (Ψ). However relation (7) in general is not invertible for arbitrary non-minimal coupling ξ. This is the case for the scale factor (12) . Nevertheless, the stealth as function of the conformal time exists, implying that there could be a class of homogeneous stealths witnessing the whole Big Bang evolution.
B. Power-law scale factors
In the previous subsection we have shown that there are stealths coexisting with pressureless matter and radiation, so that, in principle, there could be also stealths along the whole cosmological evolution. Since the task of finding them is typically cumbersome, in order to determine the main properties of the stealths corresponding to (13), we will use the fact that for τ << 1, the first factor in Eq. (12) dominates indicating a radiation dominated era. Conversely, for τ >> 1, the leading term is the second, corresponding to a matter dominated era. Besides these eras, another cosmological era of particular interest is inflation. All these epochs have, as mentioned in the introduction, the scale factor given by (4) . Thus, we can use the scale factor (4) in the flat case of (10), which then leads to
This is just an Euler equation with solution given by
where A 0 and σ 0 are integration constants and β depend on b as aforementioned.
Here Using solution (17) we find that the stealth field as function of the conformal time is given by
where
Nevertheless, assuming a power-law for the scale factor does not always allow for inverting relation (7) for all possible couplings. And even when this is possible, generically a closed form for the potential U (Ψ) is impossible to find. In these last cases we will present the parametric plot given by
1. An explicit solution for a stealth potential
For the sake of understanding how the method works when the scale factor is given by a power-law, let us present here a case which, while not physically interesting, can be completely and explicitly solved for the stealth potential.
For some specific values of the powers of τ that appear in (18) it is possible to invert the relation between τ and Ψ, which fixes the exponent b appearing in the scale factor. In turn, this allows us to fix the non-minimal coupling constant between gravity and matter ξ by mean of Eq. (14) . Choosing the upper and lower powers of τ in Eq. (18) to be 1 and −1 respectively, we obtain b = −1/2 and ξ = 1/12, then
which is inverted as hence it is possible to explicitly express the potential as a function of the stealth field:
As an illustration, the plot of the potential U + (Ψ) is presented in figure 1.
Cosmological stealth potentials for ξ = ξ b
Let us now turn our attention to physically interesting cases, which are good approximations for describing a given epoch of the evolution of our Universe.
In the case where the characteristic polynomial has a single root with multiplicity 2, i.e., when ξ = ξ b , the stealth can be found to be 
the limit (b = −1). We show parametric plots for radiation and matter in figure 2 . The qualitative behaviour of these potentials is similar to that of the potentials for the corresponding power-law inflation.
Cosmological stealth potentials for ξ < ξ b
If ξ < ξ b , the solution is oscillatory and the stealth field can be expressed as
There are points where the field diverges
The curves for radiation and matter might have different branches for small values of the field Ψ due to their oscillatory character. It is necessary to have an interval of τ where Ψ(τ ) is monotonous to avoid these branches. The parametric plot of these potentials is shown for radiation and matter in figure 3 . The qualitative behaviour 
of these potentials is similar to that of the potentials for the corresponding power-law inflation. Once more, the de Sitter limit does not apply in this case because the constraint 0 < ξ < ξ b cannot be satisfied. −→ Ψ + then both cases can be sumarized with the same expression,
where ψ ± are new integration constants defined as
Then, we can find explicitly the self interaction potential under the corresponding approximation, for the early, ra-
FIG. 4. Self-interaction potential of the stealth field for a universe radiation dominated. It is shown the values of ξ = 1/5 and ξ = 1 for the blue and red curves respectively. diation dominated universe:
Here, ξ 1 = 4/25. Similarly the potential of self interaction for the late matter dominated universe is
And we recall that the critical value for b = 2 is ξ 2 = 12/73. Plots of the potentials U (Ψ ± ) are shown for radiation in figure 4 , for matter in figure 5 and for power-law inflation with b = −2 in figure 6 .
We note here that a similar plot can be drawn for power-law inflation with b = −3 using the solution for the matter dominated universe, but this is not consistent
FIG. 5. Self-interaction potential of the stealth field for a universe driven by matter. The values used for making this graphic are ξ = 1/5 and ξ = 1 for the blue and red curves respectively.
with the late time approximation. Instead, we can proceed from the general solution (18) to draw parametrically the potential for other cases of power-law inflation, b < −1, and even for the de Sitter limit b → −1. As it can be seen in figure 7 , for a given coupling, the behavior is similar for both scenarios. This graph has a maximum at Ψ max . The precise expression is cumbersome, but we have found that Ψ max ∝ ξ γ b ǫ with γ, ǫ > 0. Similarly, we can now present the parametric plots for radiation and matter when both terms in (18) are relevant. Figure 8 shows the schematic plot for different values of ξ in the allowed interval. Again, the minimum for 1/6 < ξ < 1/4 have a cumbersome expression, however Ψ min ∝ ξ ρ b δ with ρ, δ < 0.
IV. DE SITTER COSMOLOGIES WITH INHOMOGENEOUS STEALTHS
In the general case, the stealth Ψ, and hence the auxiliary function σ, depends on all the spacetime coordinates. However, as mentioned at the end of section II if 10 is satisfied, the the spatial dependence of the stealth is present, yielding to de Sitter universes see appendix C. The metric for the de Sitter cosmologies take the explicit form
(32) For this case, it is obvious that the solution to the
FIG. 6. Self-interaction potential of the stealth field for an inflationary universe with power-law b = −2. The values used for making this graphic are ξ = 1/5 and ξ = 1 for the blue and red curves respectively. temporal part of the stealth will be the same as in the conformal case, that is
A 0 , B + and σ 0 are integration constants.
Finally, we can write the explicit dependence on the coordinates of the auxiliary function σ(x µ ) characterizing the corresponding stealth. This can be done redefining the integration constants as:
the spatial integration constants A 1 , A 2 , A 3 can been set to zero through quasitranslations as it was done in Ref. [15] .
Having the explicit dependence of the stealth, we can find the potential of self-interaction. By solving the remaining constraint, T 0 0 = 0, we find that for ξ = 1/4 where the relations between the coupling constants of the potential and the integration constants are
which agrees with that found in Ref. [12] for the de Sitter metric in four dimensions, as can be seen in the appendix D. It is clear now that for the conformal coupling, ξ = 1/6, the interaction potential reduces to the result in four dimensions, previously found in Ref. [15] . The critical points of this potential are
(38) Whether these points are local minimum or maximum, depends on the relations between λ 1 , λ 2 and the specific value of ξ. For example for λ 1 > 0 and λ 2 > 0 and 0 < ξ < 1/6, the potential has a local maximum at Ψ = 0 and a global minimum in Ψ − (figure 9). However, for 1/6 < ξ < 1/4 it has a global minimum at Ψ = 0. Figure  10 shows this particular case along with other possible values for λ 1 , λ 2 . Similarly, the cases of ξ > 1/4 are plotted in figure 11 , showing an unstable potential for every combination of λ 1 , λ 2 . Finally, in this section we consider the special case ξ = 1/4, where the relation (7) between the stealth field Ψ and the auxiliar function σ(x µ ) is no longer valid. Instead we use
this changes the Eq. (10) to
10
A. Homogeneous stealth: power law scale factor
With this particular coupling the equation (10) for the temporal dependence of stealth has an additional inhomogeneous term which then changes the solution to
This implies that the stealth field is written as
The self interaction potential of the stealth cannot be given in general for this case as a function of the field but we can draw it in a parametric fashion.
B. de Sitter cosmologies
Following the method presented in [18] , it is possible to obtain the solution for ξ = 1/4 case as a non-trivial limit of the solution (34). If after the redefinition of integration constants, it is possible to have the following limit to be well defined
Then for ξ = 1/4 we will have that
is well behaved under the redefinition of the integration constants asÂ
which giveŝ
The limit resulting from the redefinitions (45) on the potential (35) after considering that the coupling constants now are related by λ 1 = l 2 A − 2ασ 0 and
Potential of self interaction for the de Sitter stealth with the special value ξ = 1/4.
being
as expected this result is the same as the one obtained for direct integration of the equations. The result is in agreement with those found on [12] . The potential has critical points at
Again, whether these critical points are local minima or maxima depends of the particular choose of λ 1 and λ 2 . Different configurations are plotted in figure 12 .
VI. CONCLUSIONS AND OUTLOOK
It is interesting to know whether a stealth field can be present during the cosmological evolution described by the widely accepted ΛCDM model and which could be the observational consequences of the existence of such a field.
The existence of cosmological stealths conformally coupled to gravity was shown in Ref. [15] . Nevertheless, most observables of the ΛCDM model are determined by the time dependence of the scale-factor as well as by the acoustic oscillations of density perturbations around the time when radiation and matter densities were equal. Density perturbations imply the breaking of the FRW spacetime symmetries, particularly, of its conformal symmetry. Therefore, because of the nature of the gravitational stealth, the answer to the question of the possibility of observing a cosmological stealth will necessarily deal with non-conformal coupling to gravity.
First of all, here we found that, as in the conformal case, inhomogeneous stealths are allowed only in de Sitter like backgrounds. Therefore, we do not expect the ΛCDM stealth to be inhomogeneous. However, in this paper we have shown that indeed there exist a solution of a homogeneous non-conformally coupled stealth field during the expansion of a FRW universe filled with radiation and matter, a process known as Big Bang. The corresponding expresion for the stealth as function of the conformal time is given in terms of hypergeometric functions, what makes almost impossible to find the corresponding self-interaction potential. It is straightforward to deduce that the analougous task for the ΛCDM model would be even more difficult. Nevertheless, it is also reasonable to conjecture that a homogeneous stealth for this model exists.
One can get an idea of how the potential for the ΛCDM stealth would look like by solving the problem for each epoch of the cosmological evolution. During each one of these epochs the corresponding scale-factor has a given power-law dependence on the conformal time. Here we solved the problem for homogeneous stealths during power-law inflation, radiation and matter dominated eras, and during de Sitter expansion, which are the main epochs of the ΛCDM model.
Our results indicate two possibilities depending on the values of the coupling ξ. First, there is a wide range of ξ for which the potential looks like an inverted parabola in each one of the above mentioned epochs. This allows us to guess that this could be also the form of the potential of the ΛCDM stealth. Secondly, for 1/6 < ξ < 1/4, it was found that in each of these epochs there is a homogeneous stealth with a potential having a local minimum. In turn, this allows for the possibility that a stealth could be present during any of the main epochs of the ΛCDM model and then decay after rolling to the minimum, perhaps giving rise to domain walls. Since the stealth field is gravitationally undetectable, it would be particularly interesting to study this new kind of topological defects in detail.
As we have already mentioned, it is important now to look for observational consequences of the existence of the ΛCDM stealth. An interesting fact is that its fluctuations are not necessarily stealth themselves. Therefore, the corresponding stealth perturbations may have an observable imprint on the spectra of the cosmic microwave background radiation as well as in the statistics of the cosmological large scale structures. We plan to deal with this cases in the near future.
